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ABSTRACT
In this work we describe a computational workflow to model the sorption and trans-
port of molecular hydrogen in cellulose frameworks. The work demonstrates the value
of the molecular dynamics code, DL POLY and Monte Carlo code, DL MONTE
sharing common input formats to enhance the compatibility of the codes, being sup-
ported by DL FIELD. Structures generated using cellulose-builder were processed
by DL FIELD to generate input files for DL POLY using the OPLS 2005 force field.
After relaxation in molecular dynamics, structures were used for GCMC simulations
in DL MONTE before passing back to DL POLY to evaluate transport properties at
different levels of sorption. While no hydrogen sorption was seen in pure crystalline
cellulose, increasing separation between layers did allow sorption. When slit-pores
were sufficiently wide, interactions with the cellulose led to the volumetric density of
adsorbed hydrogen exceeding vacuum density at accessible partial pressures as well
as allowing diffusion through the system. These model systems can give useful insight
into the behaviour of amorphous cellulose in future simulation and experiment.
KEYWORDS
molecular modelling; molecular dynamics (MD); Monte Carlo (MC); cellulose;
hydrogen storage
1. Introduction
Current global energy demands rely upon fossil fuels and their environmental impacts.
With fossil fuel reserves depleting and global energy demands increasing, the need for
more sustainable fuel sources is increasingly recognised. As a result, there is grow-
ing interest in the development of alternative, renewable energy sources and energy
storage.[1]
Hydrogen is a renewable and clean burning fuel which can provide on-demand
power, making it a strong candidate to become an integral part of the future en-
∗Corresponding author. Email: S.C.Parker@bath.ac.uk.
ergy landscape.[2–5] The process of using hydrogen as an energy vector is made up
of three distinct parts, namely: production, storage and utilisation. The storage of
hydrogen is regarded as the most challenging aspect of integrating hydrogen into the
energy mix, due to the low volumetric density of hydrogen gas. [6]
Methods used to store hydrogen can be broadly divided into two categories: chemical
storage and physical storage (including sorption). [4] Chemical storage is the inclusion
of hydrogen (hydrogenation) in chemical compounds. At high temperatures hydrogen
can then be liberated (dehydrogenation) from the compounds. Typical chemical hy-
drogen storage compounds range from light metal hydrides to complex hydrides.[3,7–9]
Physical storage can be enhanced through sorption processes. Sorption of hydrogen
relies upon favourable interaction energies between molecular hydrogen and porous
materials. The high surface area of porous materials increases the number of inter-
actions between the storage material and hydrogen. The extent of hydrogen storage
depends upon the specific surface area and pore sizes within the storage material as
well as the strength of the interactions.[3] Despite being numerous, the interactions
are weak (typically <10 kJ mol−1) and as a result, adequate storage relies upon low
temperatures and high pressures.[7] Candidates for hydrogen storage materials are typ-
ically crystalline, including carbonaceous structures, intrinsically porous frameworks
such as metal-organic frameworks (MOFs), covalent organic frameworks (COFs) and
zeolites. [3,4,7,10–12]
In addition to crystalline materials, recent research has investigated the use of
porous polymers for hydrogen storage. Porous polymers provide a lightweight alterna-
tive to traditional metal-based adsorbents, [5,11,13,14] since they pack in a way that
results in large voids, which also allows absorptive molecules to permeate their struc-
tures. [15] Polymers of intrinsic microporosity (PIMs), and hyper-cross linked polymers
(HCPs) are porous polymers which have been considered for hydrogen storage,[4–6,16]
but the distributions of pore sizes and structures complicates analysis. As a result, a
number of researchers have applied computational analysis to study the properties of
PIM. [14,17–20] and HCP [15,21,22] structures.
Cellulose is the most abundant organic polymer in the biosphere, with over 100 bil-
lion metric tons being synthesised annually while its biodegradability makes it more
sustainable than conventional polymers.[23–27] The polymer is primarily synthesised
within plant cell walls, where it serves as the principal structural polymer forming
characteristic hierarchal structures embedded within a matrix of complex polysaccha-
rides, including amorphous cellulose.[28–30]
Individual chains of cellulose comprise β-(1,4) glycosidic linkages of glucose residues
which assemble into sheet structures, driven by intermolecular hydrogen bonds, which
further assemble into 3-dimensional structures due to van der Waals interactions.[27,
29–34] The resultant crystalline structures are referred to as microfibrils, and exist as
a mixture of two allomorphs, Iα and Iβ. [27,32,34,35] Cellulose displays much greater
chemical and structural complexity than conventional polymers and is also insoluble in
traditional solvents, making experimental studies of cellulose challenging. As a result
of such experimental complexities, the simulation of cellulose has been pursued widely
in the literature.
Carbohydrates such as cellulose demonstrate a high density of chemical functionality
and have a number of possible configurations making their structures complex to
simulate. Classical modeling has typically been used, but the force field influences the
outcome of classical simulations.[36–39] As a result, a range of biomolecule-specific
families of force fields such as CHARMM [40], AMBER[41], and OPLS[42] have been
developed to model molecules such as carbohydrates.
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Molecular modeling has been applied to understand structural properties including
the crystalline networks [43,44], mechanical properties [45–48] and thermal transitions
[49–52] of cellulose. Simulations have also been used to investigate the interactions
between cellulose structures and a range of small molecules including solvents [45,53–
55] and model aromatic compounds [56–59].
As a result, molecular modeling provides a route to evaluate the feasibility of cel-
lulose as a candidate for hydrogen storage, however, to our knowledge, no research
has previously been reported. In this article we describe the methods we have used to
study the sorption and transport of hydrogen molecules in various cellulose structures,
before discussing our findings and their implications for cellulose as a candidate for
hydrogen storage.
2. Methods
 
Figure 1. Workflow demonstrating the method developed for modeling cellulose. Structural analysis and
production steps are represented by an oval and simulation steps are represented by a rectangle.
This research follows the workflow summarised in Fig. 1 and makes use of the com-
patability between DL POLY [60,61] and DL MONTE [62,63]. This uses DL POLY
for molecular dynamics to relax structures and study transport properties while using
the increased range of ensembles open to Monte Carlo DL MONTE e.g. for sorption.
This approach ensures that each stage of the calculation is able to make use of the
most efficient method for that problem. DL FIELD [64] was used to generate specific
force fields for the systems of interest while the initial configurations were generated
using cellulose-builder[65].
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Figure 2. a) micro-fibril and b) slit pore cellulose structures (where x = 4.76, 5.76, 6.76, 7.76A˚) were generated
directly from cellulose-builder . c) Amorphous and d) partially pinned structures (showing initial x = 7.76A˚)
structures were prepared by relaxing in DL POLY.
2.1. Structure Generation
Cellulose-builder is an open-access script developed by Gomes and Skaf [65]. The
script generates configurations in xyz or pdb format based on the crystallographic
data from Nishiyama et al. [34,66]. The script is capable of generating the native Iα
and Iβ allomorphs, the II and III polymorphs which are found in solvated systems,
and can control the degree of polymerisation (DP). The crystalline structures were
generated directly from cellulose-builder and are shown in Fig. 2a. These configurations
comprised eight alternating layers of four origin and centre chains of two, four, six,
eight and twelve repeat units in length (DP = 2,4,6,8,12) were built using the fibril
command with periodic boundary conditions in all directions. For the shorter chains
(DP = 2,4) the systems were also grown to comprise three and two units respectively
so that the system size was large enough for the cut-off length and periodic boundary
conditions.
Processing conditions such as drying and solvent exchange have been demonstrated
to influence the pore characteristics of cellulose structures. [67,68] In order to investi-
gate the effect of pore size on the hydrogen storage capability of cellulose structures,
slit pore structures with incremental pore sizes were produced. The center command
was used to generate a monolayer of cellulose Iβ centre chains comprised of six cellu-
lose chains, six repeat units (DP = 6) in length. The monolayers were then grown with
a modified a lattice vector to achieve structures with different inter-layer separations
as indicated in Fig. 2b. The system sizes used resulted from increasing the distance
between layers by increments of 1 A˚. The configurations also served as the starting
point for generating amorphous and pinned models of cellulose as described in Section
2.3.
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2.2. DL FIELD Processing
DL FIELD was used to identify molecules and assign atom types in order to produce
input files for DL POLY . The atom types were assigned the OPLS 2005 parameter
set, as the force field has been specifically optimised for carbohydrate systems such as
cellulose.[37,64,69,70] The complexity of carbohydrates and cellulose in particular re-
quired additional functionality to be developed for DL FIELD as well as the inclusion
of the force field definitions. Provided the system configurations that contained pyra-
nose sugar units are in the stable ’chair’ conformations, DL FIELD can distinguish
various pyranose isomers, as well as their corresponding anomeric structures. Such de-
tection processes are based on a series of geometrical analysis to determine the relative
orientations of the hydroxyl groups contained in the sugar units. This functionality is
available in DL FIELD version 4.2 onwards, which was first released in January 2018.
2.3. Structural Relaxation
It was necessary to run initial molecular dynamics calculations to crystalline structures
using DL POLY to validate the creation of the configurations and assignment of the
force field. These calculations were performed according to the protocols 1 and 2
given in Table 1, for the full range of DP generated using cellulose-builder. Protocol 1
allowed for controlled relaxation of the end groups, which are close in crystal structures
and protocol 2 allowed relaxation at constant pressure to validate behaviour. Once
the accuracy of the structures and force field generation had been validated, further
simulations were used to generate initial configurations for gas sorption studies in
partially relaxed and amorphous structures.
Table 1. Molecular dynamics simulation conditions of simulation protocols used in this work.
Protocol 1 2 3 4
Ensemble NVT NST NpT NVT
Temperature (K) 298 298 298 298
Pressure (bar) - 1 1 -
Length (ps) 5 1000 1000 1000
Step length (fs) 1 1 1 1
Thermostat Nose´-Hoover
Cut Off Distance (A˚) 10
Natural crystalline cellulose exists within a matrix containing amorphous cellulose
chains. To simulate amorphous cellulose chains, shown in Fig. 2c crystalline structures
of cellulose polymers (DP = 6) were relaxed using initial short simulations, protocol 1.
Annealing simulations were then performed using protocol 3, allowing the structures
and simulation cells to relax.
Traditional hydrogen storage materials such as MOFs and zeolites, contain ordered
porous regions. To mimic the ordered pore structure of these slit pore materials, crys-
talline structures of cellulose polymers DP = 6 were relaxed whilst pinning linking
glycosidic oxygens to produce pinned structures, shown in Fig. 2d. The pinned struc-
tures were subjected to initial short simulations, protocol 1. Annealing simulations
were then performed using protocol 3 in order to preserve the spacing between cellu-
lose layers.
5
Table 2. Constants used to calculate the fugacity constant (for pressure in bar and temperature in K) in the
virial equation of state developed by Spycher and Reed.[72]
Constant Value
a −12.6
b 2.60× 10−1
c −7.25× 10−5
d 4.72× 10−3
e −2.70× 10−5
f 2.16× 10−8
2.4. Hydrogen Sorption
Sorption simulations were performed in the Grand Canonical (GC) Ensemble using
DL MONTE with Metropolis algorithm acceptance probabilities. Hydrogen molecules
were modelled using the Lennard-Jones interactions from Yang and Zhong [71] with
cross terms between hydrogen and cellulose generated according to Lorentz-Berthelot
mixing rules. 1,000,000 moves were performed, 50,000 of which were equilibrium, with
20% translations, 20% rotations and 60% insertions/removals. Adsorption isotherms
were generated at 298 K for partial pressures in the range 1−103 atm. In all calculations
the substrate atoms were fixed. Example input files are provided in the data repository.
The chemical activity of hydrogen molecules changes as a function of partial pressure.
Assuming ideal gas behaviour
µ = µ0 +RT ln
P
P0
, (1)
where µ is the chemical potential, µ0 a reference potential, R the molar gas constant,
T temperature with P and P0 the partial and reference pressures respectively. At high
partial pressure, the ideal behaviour begins to break down. This deviation from ideal
behaviour is expressed by the fugacity calculated according to the equation of state
derived by Spycher and Reed [72],
lnϕ = ((
a
T 2
+
b
T
+ c)P +
d
T 2
+
e
T
+ f)P 2)/2, (2)
where ϕ is the fugacity constant, T is the temperature, P is the partial pressure,
and a − f are constants which for hydrogren take the values given in Table 2.4. The
fugacity, F is then calculated according to
F = ϕ× P. (3)
The DL MONTE input files specify the partial pressure, from which chemical activity
is determined according to Equation 1. In our data and plots we correct this to the
fugacity, as per Equations 2 and 3, to account for departure from ideal behaviour at
high pressures.
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2.5. Hydrogen Diffusion
In order for sorption and desorption to occur readily, it is not sufficient for the adsor-
bate to be able to fit in a given structure, it must also be capable of diffusing through it.
Hence following each GCMC simulation, the final structures from these sorption calcu-
lations were returned to DL POLY to model the diffusion of hydrogen molecules in the
different structures at a range of hydrogen densities, using protocol 4. The behaviour
of hydrogen molecules within slit pore, amorphous and pinned cellulose structures was
investigated, at high, medium and low partial pressures. The frameworks were held
rigid throughout simulations of slit pore and pinned cellulose structures, whereas the
amorphous structures were not fixed. The behaviour was characterised by the mean
squared displacement (MSD) which measures the average displacement of atoms in
the system over a period of time, given by
MSD = <|r(t)− r(0)|2>, (4)
where r(t) is the position at time t.
2.6. Hydrogen Sorption Sites
The positions of the hydrogen sorption sites within the cellulose framework were calcu-
lated from a density map with a bin size of 0.1 A˚. The number of hydrogen molecules
at given positions during GCMC calculations was calculated from the DL MONTE
output. The generated maps of hydrogen position were superimposed on the empty
cellulose configurations which were the initial inputs for the GCMC calculations.
3. Results
3.1. Structure Stability
The first step was to confirm the stability of the Iβ allomorph of cellulose generated
by cellulose-builder and that the potential model had been correctly determined and
assigned by DL FIELD. To this end molecular dynamics simulations were performed
with protocol 4 and the results are summarised in Table 3.
Table 3. Changes to density and cell parameters during simulation of crystalline Iβ cellulose of different chain
lengths (DP)
.
Chain Initial ∆a(%) ∆b(%) ∆c(%) ∆volume(%) Final
length Density(g cm−3) Density(g cm−3)
2 1.69 4.2 2.9 6.8 10.7 1.53
3 1.67 2.8 1.7 4.9 7.6 1.55
4 1.66 1.6 1.8 4.4 7.2 1.55
6 1.65 1.0 1.3 3.2 4.2 1.58
8 1.65 0.8 1.6 2.4 4.4 1.58
12 1.64 0.9 1.3 1.7 3.4 1.59
During relaxation, the unit cell parameters changed by less than 7% and the total
volume of the cell changed by less than 11% however these changes are most prominent
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with the shortest chains. It is important to bear in mind the polymeric nature of
cellulose in practice and the clear trend observed. The experimental crystalline density
of the Iβ allomorph of cellulose is is 1.63 g cm−3 as determined from the results of
Nishiyama et al [66,73].These findings were for chains with a DP >12. [48,66]
The crystalline density of unrelaxed structures produced directly from cellulose-
builder differed from this value by less than 4% and this reduces with increasing DP.
In contrast the density of relaxed structures increases with DP to approach the ex-
perimental value. This is likely because the ends of the cellulose are tightly packed
in the crystalline form generated by cellulose-builder but when allowed to relax the
system expand to accommodate them and their motion. Overall the small changes in
volume indicate that the crystalline Iβ allomorph is stable and OPLS 2005 force field
is correctly implemented for cellulose by DL FIELD. A degree of polymerisation of
six (DP = 6) was chosen for all cellulose chains in further simulations, as it repre-
sents a compromise between approximating the experimental density and reasonable
simulation size.
3.2. Hydrogen Sorption
Gas storage within a system is driven by two distinct phenomena: sorption and steric
containment. Sorption occurs when there is significant interaction between the frame-
work and the absorbing species, whereas, steric containment occurs when there is
sufficient free space for a species to fit. To capture both aspects of storage, hydrogen
storage within the modelled systems is presented as a function of volumetric den-
sity - mass of hydrogen per unit volume, as opposed to mass of hydrogen per mass
of cellulose. As inter-sheet separation increases, the mass of cellulose within a given
volume decreases and as a result is driven by steric storage, thus we will also make
comparison with the pure hydrogen model ’in vacuum’ i.e. with no substrate present.
Calculations with the pure cellulose crystal resulted in no hydrogen sorption. This can
be understood by considering van der Waals interactions between the hydrogen and
the cellulose.
The cross terms derived for molecular hydrogen-cellulose carbon Lennard-Jones
interactions have a radius of σ = 3.11 A˚ and the layer spacing in the crystalline
Iβ structure is 3.76 A˚ meaning that there is insufficient space in the pure structure.
In order to examine the sorptive properties of cellulose, we therefore turned to slit
pore structures with increasing separation between layers. Isotherms of the volumetric
density of hydrogen molecules within slit pore structures with a range of inter-layer
spacings as a function of pressure are plotted in Fig. 3. The density of hydrogen
molecules within an empty simulation cell are also shown.
These calculations show that the storage capacity of the slit pore cellulose structures
increased with increasing inter-sheet separation. At simulated fugacities of less than
approximately 300 bar, hydrogen densities of systems containing cellulose are greater
than empty systems, which indicates preferential sorption to the cellulose structure.
Therefore throughout the simulations, the cellulose framework promotes hydrogen
storage at these fugacities. At simulated fugacities above 300 bar, greater densities of
hydrogen could be stored in an empty vessel. This cross-over point exists as the cellu-
lose framework itself occupies volume which could potentially store hydrogen molecules
and at high pressures, steric containment outweighs the benefits of sorption.[74] We
also note that at the highest pressures considered the density of hydrogen begins to
approach its liquid density 74 kg m−3 at which point we expect the potential model
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Figure 3. Isotherms for simulated hydrogen molecule adsorption within various cellulose slit pore structures
at 298 K.
Table 4. Hydrogen density (kg m−3) as a function of fugacity for slit pore, pinned and amorphous structures.
Slit pore Pinned Amorphous
Fugacity (bar) Narrow Wide Narrow Wide Narrow Wide
10.2 0.10 1.2 0.00 0.9 0.01 0.20
108 0.96 8.8 0.01 7.1 0.13 1.6
1960 6.4 29 0.07 26 0.87 6.3
to breakdown.
Two inter-sheet separations, 4.67 and 7.67 A˚, were selected for further study as they
represent the smallest inter-sheet separation found to be capable of significant hydro-
gen storage and the largest enhanced sorption over vacuum, respectively. We refer
to the structures as narrow slit pore and wide slit pore throughout. Amorphous and
pinned structures were annealed from each of the crystalline systems, to give narrow
amorphous, wide amorphous, narrow pinned and wide pinned structures, respectively.
As would be expected the larger spacing between sheets consistently increased the den-
sity of hydrogen adsorbed. As would be expected the larger spacing between sheets
consistently increased the density of hydrogen adsorbed (Table 4). The amorphous
systems were typically found to hold very little hydrogen suggesting that the relax-
ation had removed the majority of pores from the systems. Interesting behaviour was
observed in the pinned structures however, where in the wide slit pore structure dis-
played similar sorption when compared with the pure crystalline structures. This is
in contrast to the narrow slit pore structure where no sorption was observed in the
pinned structure.
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3.3. Hydrogen Diffusion
We now turn to characterising the diffusive behaviour of absorbed hydrogen, showing
data for the unrelaxed slit pore structures in Fig. 4. In the narrow slit pore the MSD
reaches ∼ 1.1A˚2 but then plateaus, indicating that the molecule is trapped in a pore
for at least the accessible timescales. The small MSD is indicative of a rattling, during
which the molecule fully explores the pore. In contrast the wide slit pore structures
show an MSD which rises to ∼ 1600A˚2 indicating that hydrogen in these structures is
mobile. The MSD is linear in time which also suggests that the motion is diffusive in
character.
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Figure 4. Simulated mean squared displacement of hydrogen molecules within narrow (left) and wide (right)
slit pore structures. In narrow slit pores limited movement is observed, consistent with rattling motion of
hydrogen trapped in pores. In wider pores more typical diffusive behaviour indicates that hydrogen is able to
diffuse through the structure.
We can in turn break the MSD into components aligned with the x, y and z directions
(approximately the a, b and c lattice vectors in Fig. 2). This decomposition is shown
in Fig. 5. In the narrow slit pore, the MSD in each direction was similar, but increasing
from x to z to y, indicating that the extent of mobility is least perpendicular to sheets
and most parallel to chains. In wide slit pore structures, however, the diffusion is found
to be highly directional and parallel to the cellulose sheets, the component in the x
direction does not move from 0 at this scale.
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Figure 5. Simulated mean squared displacement of hydrogen molecules within narrow and wide cellulose
structures with slit porosity, decomposed into the x,y and z components.
In Fig. 6 we show the MSD of hydrogen molecules in the amorphous structures. In
the narrow systems at low density the behaviour is similar for the previous slit pore
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structure. At low density and in the wide structure we see intermediate behaviour,
with MSD neither plateauing nor reaching a linear limit. This suggests that a number
of timescales may be involved and indeed, visualisations of trajectories suggested that
relative movement of cellulose may be occurring on these timescales which will in
turn activate motion of hydrogen. The observation is a reflection of the decreased
order within the systems compared to slit pore structures but longer simulations are
required to investigate this behaviour fully. Finally we considered the pinned structures
in Fig. 7, where behaviour is consistent with the slit pore structures though mobility
is reduced due to the reduced order of the substrate.
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Figure 6. Simulated mean squared displacement of hydrogen molecules within (left) narrow and (right) wide
amorphous structures. In narrow structures contrasting behaviour is seen with motion consistent with rattling
at low density, with increased mobility in the higher density systems. Similar behaviour is also seen in the wide
structures, indicative of activated diffusion on two or more timescales.
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Figure 7. Mean squared displacement of hydrogen in (left) narrow and (right) wide pinned structures. Mo-
bility is reduced but behaviour is consistent with the slit pore structures with rattling motion in narrow and
diffusion in wide structures.
3.4. Hydrogen Sorption Sites
Finally, we will discuss the location of the hydrogen sorption sites within wide and
narrow slit pore structures, shown in Figures 8 and 9 (these and Fig. 10 were generated
with VESTA [75]). Hydrogen molecules within narrow slit pore structures are found in
discrete and localised positions. The hydrogen molecules are trapped in the voids by
the hydroxymethyl groups and linking oxygens between sheets of cellulose chains. In
contrast, in wide slit pore structures hydrogen molecules occupy delocalised positions
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between the sheets of cellulose chains.
Figure 8. Visualised positions of sorption sites for hydrogen molecules within narrow slit pore structures.
Figure 9. Visualised positions of sorption sites for hydrogen molecules within wide slit pore structures.
4. Conclusions
We have used codes in the DL SOFTWARE suite, DL POLY , DL MONTE with
DL FIELD to perform hydrogen sorption and transport studies in a range of cellulose
frameworks. The common interfaces of these codes is valuable in allowing the use of the
appropriate simulation method at each stage of our calculations. This work has shown
that cellulose demonstrates hydrogen storage potential at experimentally accessible
pressures (<100 bar).
No hydrogen sorption was observed in pure crystalline cellulose. Simulations of some
slit pore model structures that below fugacities of 300 bar, cellulose shows higher
hydrogen density than is observed in vacuum, indicating that the cellulose structure
and pore size influences the hydrogen storage capacity. The most suitable candidate for
hydrogen storage density was observed in wide pinned structures (with initial spacing
12
Figure 10. Visualised positions of hydrogen molecules (grey) within narrow slit pore structures.
7.67 A˚), having a capacity of 7.1 kg m−3 at 100 bar, where we also observed that
hydrogen had reasonable mobility indicating that sorption and desorption of hydrogen
from the structures should be possible.
While our work demonstrates that cellulose shows potential as a hydrogen storage
material at reasonable pressures it seems likely that native cellulose does not contain
sufficient porosity to facilitate significant storage. Further work is therefore required to
evaluate whether our slit pore model systems might be able to reproduce more complex
amorphous porous cellulose based structures. Simulations of amorphous structures and
experiment would then help to understand whether these structures have the capacity
and the mobility necessary for use in hydrogen storage. This work should also compare
other biomolecular and hydrogen forcefields, including the use of Feynmann-Hibbs
corrections where appropriate since this will confirm the robustness of our results.
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org/10.5281/zenodo.2538053.
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